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A detailed study of the effect of axial ligand and peripheral substituent on the n-system of zinc(II) tetraphen-
ylporphyrin n-cation radical has been made using an electrochemical EPR technique. It is confirmed from the
EPR spectra that most of the anions and bases examined coordinate the radicals axially. The spin density on the
nitrogen nuclei in the radicals increases with the polarizability of the axial ligand estimated from the optical
spectra of the parent neutral complexes. For the fourteen complexes with different substituents on the phenyl
groups examined here, there is a linear correlation between the Hammett substituent constant and the spin
density. It is also shown that the para position of the phenyl group carries the spin density comparable to that of
the ortho position, which indicates considerable conjugation between the porphyrin ring and the phenyl
groups. In most cases, there exist two kinds of radical species which give rise to broad and sharp EPR spectra at
low temperature. It is suggested that the difference in the motional states of the phenyl groups in the radicals is

responsible for the different EPR spectra.

The redox behavior of metalloporphyrins has been
investigated widely from biological interest.1? Metal-
loporphyrins are known to undergo two different
kinds of redox reactions; the reaction of a central metal
ion and of a porphyrin ring.3) The redox properties of
metalloporphyrins have been studied by making sys-
tematic variations in central metal ions,* peripheral
substituents,5~8 axial ligands and solvents.®"1? Not
only the metal-centered redox, but also the oxidation
of a porphyrin ring are of great importance and m-
cation radicals generated by the oxidation act as active
species in biological systems.!314

The electronic structures and characters of frontier
orbitals of the n-cation radicals have been studied by
means of EPR,15:18) optical,!”-18 and MCD spectros-
copies combined with electrochemical techniques in
addition to cyclic voltammetry.>17.1820) There are two
factors which influence the electronic state of the -
system: One is the axial ligand and the other is the
peripheral substituent. The axial ligand are known to
play important roles in the biological functions of
metalloporphyrins, but their effects on the n-system
have not been investigated sufficiently. The effects of
peripheral substitution have been investigated in rela-
tion to basicity of free base,?! redox potentials,>822)
base addition reactions,23-27) rates of metal incorpora-
tion,? chemical shifts,?%-3? and other physicochemical
properties.2331-35) But their effects on the electron dis-
tribution of the =n-system have not been studied
directly.

Recently a systematic investigation was made on the
effects of axial ligands and solvents on the m-cation
radicals of 5,10,15,20-tetraphenylporphyrinatocobalt-
(III), [Co(I1I)(tpp)]?*", in our laboratory using an elec-
trochemical EPR technique.36:37 It was demonstrated

that axial ligands affect largely the hyperfine coupling

constants (hfcc) of the nitrogen and cobalt nuclei. The

changes in spin distributions caused by the axial
ligands were determined directly from the analysis of
the EPR spectra.

Since the zinc(II) porphyrin n-cation radicals are
very stable, the techniques applied to the studies on the
[Co(III)(tpp) ¥ m-cation radical can be applied to this
system as well. Moreover, zinc(II) porphyrins are free
from metal-centered redox and d-m mixing in the
frontier orbitals.3® It is known that zinc(II) porphy-
rins can coordinate only one axial ligand.3¥-4? The
naturally abundant zinc nucleus carries no nuclear
spin. Therefore, one can expect much simpler EPR
spectra for zinc complexes than for cobalt ones. By
making systematic variations of the axial ligand and
peripheral substituent, their effects on the spin-density
distribution of the n-cation radicals can be investigated
in detail.

The EPR spectra of Zn(tpp) m-cation radical were
first observed by Fajer et al., with electrochemical oxi-
dation*® and several works have been done subsequen-
tly.44=4? It was shown that the m-cation radical can
axially coordinate one halogen anion or one pyridine
molecule,®® but the effects of the axial ligand on the
n-system have not been studied in detail. Here, we
have investigated the effects of the axial ligand and
peripheral substitution on the EPR spectra of the n-
cation radical to see how these two factors affect the
m-system.

In this paper we first describe the general feature of
the EPR analysis of the zinc(Il) tetraarylporphyrin =-
cation radicals briefly. Second, we examine the EPR
spectra of the Zn(II)(tpp) m-cation radicals obtained in
the presence of various anions and bases and deduce
their structures in solution. Electronic effects of the
axial ligands on the m-system are also discussed.
Third, the effects of the peripheral substituents on the
electronic states of the Zn(tpp) m-cation radical exam-
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ined are discussed by correlating the EPR parameters
with the Hammett constants of the substituents.
Finally the origin of the two paramagnetic species
observed in most cases is discussed.

Experimental

Materials. 5,10,15,20-Tetraarylporphyrin free bases with
various peripheral substituents, hereafter abbreviated as H,
(substituents on phenyl groups)(tpp), were prepared by the
literature procedures?*>!%9 followed by modified purifica-
tion process. In Table 1, the absorption spectra of their
zinc(IT) complexes are summarized together with the prepar-
ative references of free bases.

The zinc(IT) complexes of these porphyrins were prepared
by the method of Adler et al.5:%8) and purified by chromato-
graphy on neutral alumina with CH,Cl, or CHCI; as the
eluent. All synthesized zinc complexes were recrystallized
from mixed solvents such as CH,Cl,~-CH3OH and identified
by elemental analysis, TLC, and optical spectra.

CH;Cl; and butyronitrile of spectroscopic grade were dis-
tilled from CaH,; and dried over activated neutral alumina
for the use of EPR measurements. Tetrabutylammonium
salts (TBAX, where X=BF,, ClO,, NO;, and F) were
obtained by the method reported previously.3” The prepara-
tions of dibenzo-18-crown-6 complexes with potassium salts
(DB18C6-KX, where X=CN, SCN, and OAc) were carried
out according to the method given by Pedersen.’® The other
reagents were commercially obtained and used without
further purification.

Apparatus and Procedure. The EPR spectra were taken
with JEOL PE-3X and FE-3X spectrometers equipped with
a temperature controller. The n-cation radicals were gener-
ated by electrochemical one-electron oxidation of the corre-
sponding zinc complexes using various TBA salts as electro-
lytes with/without bases. The applied voltages was +1.7 to
+3.0 V, depending on the peripheral substituent and solvent:
The voltage in n-C3H;CN was ca. 0.4 V higher than that in
CH,Cl,. The procedures for the electrochemical EPR mea-
surement and the field calibration were previously described
in detail.?7:69 A Takeda Riken TR5211 frequency counter

Table 1. Electronic Absorption Spectra of
Zinc(IT) Tetraarylporphyrins?®
Substituents Soret Amex/ &/ 86" Preparative
« Ref.
1. 4-OCH; 427 554 589 0.311 48,56
2. 4-C(CHj); 426 553 592 0.268 48,49
3. 4-CH;3 426 552 592 0.270 48
4. 4-H 424 551 590 0.186 48
5. 4-F 424 551 590 0.174 48,50
6. 4-Cl 426 552 591 0.175 48,50
7.4-COOCH; 427 552 592 0.193  25,48,51
8. 4-CF; 424 551 590 0.141 48,52
9. 4-CN 427 552 592 0.156 48
10. 2-F 423 550 584(sh) 0.086 48,50
11. 2,4,6-OCH; 428 554 589 0.100  48,50,53
12. 3,4,5-OCH; 429 552 593 0.192 48,54
13.2,4,6-CH; 424 552 589 0.097 55
14.2,3,4,5,6-F 422 548 582 0.218 25,48

a) In CgHg at 20°C. b) Intensity ratio between the
vibronic components in Q band. See Ref. 42.
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was used for measuring precise microwave frequencies. The
simulation of the EPR spectra was carried out by using the
literature program.’? Absorption spectra were measured
with a Shimadzu UV-2005 spectrophotometer.

Results and Discussion

EPR Analysis. The EPR spectra of zinc(Il) tetra-
arylporphyrin m-cation radicals depended on axial
ligands, peripheral substituents, and temperature. In
most cases the room-temperature spectra of the Zn(tpp)
n-cation radical exhibited broad nine-line structures
due to four equivalent pyrrole nitrogens, indicating
that the unpaired electron resides in the as, n-orbital.
At sufficiently low temperatures, the spectra were often
resolved further.

Using TBACIO, as a supporting electrolyte in n-
C3H;CN, a partially resolved spectrum has been
observed at —55°C, as was reported by Fajer et al.¥
This sectrum could not be simulated without assum-
ing superposition of two spectra; a broad nine-line
spectrum identical with that observed at room temper-
ature and a sharp spectrum resolved further by phenyl
protons but with the same nitrogen coupling constant
as that for the former.

In the previous works by Fajer et al. the well resolved
spectra of the n-cation radical were simulated by con-
sidering the splittings due to only eight ortho-phenyl
protons, because it was considered that the phenyl
groups are nearly perpendicular to the mean plane of
the porphyrin ring and only the ortho protons give
rise to hyperfine splittings (hfs) due to the direct over-
lap with the unpaired electron. In our systems of the
acetate-ligated and para substituted m-cation radicals,
it was confirmed that the para positions carry spin
densities comparable to those of the ortho positions.
In the present work, therefore, 4N and 12H are
assumed in the simulations of the spectra of all
Zn(II)(tpp) m-cation radicals.

Dual structures of the spectra were observed in most
of our systems and we succeeded in the simulation by
means of the superposition of sharp and broad com-
ponents. In general, the intensity of the broad compo-
nent was much higher than that of the sharp one and
the sharp component often disappeared at room
temperature, The cause for the existence of the two
paramagnetic species responsible for these two species
will be discussed in the last section.

The Effects of Axial Ligands on Zn(tpp) n-Cation
Radical. The axial-ligand effects on the EPR spectra
were examined using the unsubstituted tpp ring. The
EPR spectra were delicately influenced by the coordi-
nation of the coexisting anion or base. The results
obtained from the EPR spectra are summarized in
Table 2. The structures and electronic states of the
radicals in solution are described in the following five
parts which are classified according to the coordinat-
ing power®” and charges of the axial ligands. The
effects of the axial ligands on the electronic states of
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. o Hicc (mT) g

Anion or base Solvent T/°C . o =y (40.0002) Ref.

Cl0,~ CHCl; 0.146 2.0025 16
CH,Cl, 0.143  0.024 2.0025 16
CH,Cl, 0.162  0.028 16
DMF 0.157  0.028 2.0029 16
CgHsCN 0.163  0.026 2.0026 16
n-CgH,CN  25/—55 0.158  0.032 2.0025 16

Br- CHCIl; 0.160 0.818 2.0059 16

Cl- CHCl; 0.162 0.166 2.0032 16

F- CHCIl; 0.161 0.878 2.0027 16

Cl0,~ CH,Cl, RT/—92 0.156  0.030 2.0031  This work
n-C3H,CN —44 0.158  0.029 2.0029  This work

BF,~ CH,Cl, RT 0.155  0.030 2.0031  This work
n-C3H;CN —52 0.158  0.029 2.0029  This work

PFg~ CH,Cl, RT/—56 0.155 0.030 2.0031  This work

NO;~ CH,Cl, —55 0.158  0.033 2.0032  This work

F- CH,Cl, —50 0.167 0.033  0.860 2.0031  This work

AcO~/PFq¢~ CH,Cl, —10 0.171 0.029 2.0033  This work

CN~/PFg~ CH,Cl, =70 0.192 0.034 2.0033  This work

SCN~/PF¢” CH,Cl, RT/—62 0.170 0.030 0.183 2.0033  This work

4-CNpy/PFs~ CH,Cl, —70 2.0028  This work

4-CH3py/PFs~ CH,Cl, =175 2.0029  This work

P(C¢H;)3/PF;~ CH,Cl, —60 0.176  0.032  3.284 2.0034  This work

a) In this work, au is determined by assuming the contribution from 12 equivalent protons
otherwise noted, but 8 protons in other works. b) Hfcc due to the axial ligand.

the n-system are presented in the last part.

(1) Weak-Ligand Anions (ClO4~, BF4~, PF¢~, and
NO3™): When TBAX (X=ClO,, BF,, or PFg) was used
as a supporting electrolyte at room temperature,
a nine-line spectrum was observed in both CH,Cl,
(Fig. la) and n-C3H,;CN. The spectrum in
TBACIO,/CH,Cl, could be simulated by assuming
hyperfine coupling constants (hfcc) of 4N (0.156 mT)
and unresolved 12H (0.030 mT). The hfcc of nitrogens
(an) in the system is the smallest of all, which reflects
the smallest axial perturbation. Furthermore, the
change of the anions has no effect on the spectrum,
indicating that the radical is free from an axial ligand.
It was shown by X-ray and IR results® that a perchlo-
rate ion is bound to the radical in CH,Cl; as well as in
the solid state. Therefore, it is considered that the
perturbation caused by the perchlorate ion is negligi-
bly small. When cooled in CH,Cl,, the spectrum
remained broad down to ca. —85°C, but a partially
resolved spectrum was obtained at around —94 °C (Fig.
Lc).

In n-C3H;CN the same spectra as reported by Fajer
et al., were observed with these three anions. The fact
that an in n-C3H;CN (0.158 mT) is slightly larger than
that in CH,Cl, (see Table 2) indicates solvent ligation.
The coordination of nitrile to neutral Zn(tpp) has been
established from the optical spectra by Nappa and
Valentine.#?» Therefore, it is reasonable to conclude
that the n-cation radical is ligated by the solvent and is
not influenced by these weak anions.

When TBANO; was used as the supporting electro-

lyte in CH,Cl,, the spectrum was almost identical with
that in TBACIO,/n-C3H;CN system, indicating that
the effects of a nitrate ion is similar to that of n-

(a)

0.5mT

(b)

(c)

p——
0.5mT

Fig. 1. The EPR spectra of the Zn(II)(tpp) n-cation
radical in TBAPFs/CH2Cl; system, (a) observed at
room temperature, (b) simulated, and (c) observed
at —94°C.



2756

C3H;CN.

(2) Intermediate Anions (F~, Cl~, and Br~): In the
presence of the halogen anions, the spectra at room
temperature in CH,Cl; were broad. With lowering the
temperature down to —50 °C, however, the spectrum
for TBAF as the supporting electrolyte showed a par-
tially resolved structure (Fig. 2a). The spectrum could

iy

0.5mT

W',M/

‘1..'

i

Fig. 2. The EPR spectra of the Zn(II)(tpp) n-cation
radical in TBAF/CH:Cl; system, (a) observed at
—50°C, and (b) simulated.

(a)

0.5mT
—_

(b)

Fig. 3. The EPR spectra of the Zn(II)(tpp) n-cation
radical in DB18C6-KCN(TBAPFg)/CH:Cl; system,
(a) observed at —70°C, and (b) simulated.
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(a) \

Fig. 4. The EPR spectra of the Zn(II)(tpp) m-cation
radical in DB18C6-KSCN(TBAPFs)/CH2Clz system,
(a) observed at —62°C, and (b) simulated.

be simulated with 4N, 12H, and 1F, which means that
one fluoride ion ligates to the species responsible for
both the sharp and broad spectra. In simulating the
spectrum, coexistence of the two paramagnetic species
with the same hfcc’s but different linewidth was taken
into account (Fig. 2b) with the ratio of the sharp and
broad components being 1:206. The same pheno-
menon was observed at lower temperatures, when
TBACI was used. In the case of TBABr, however, the
spectrum consisting of broad four lines due to Br~
with I=3/2 was not resolved further on cooling.

(3) Strong Anions (CN-, SCN-, and AcO") in
CH:Clz: These anions were introduced in the form of
DB18C6-KX complexes with TBAPF; as a supporting
electrolyte as reported previously.3” It was confirmed
by the large spectral changes from the above cases (1)
and (2) that these strong anions ligate the m-cation
radical. The spectra in the presence of these anions
also showed the dual structures at low temperatures.
In the presence of cyanide, no spectrum could be
observed at room temperature because of instability of
the radical. But at around —70°C, a spectrum with the
largest an was observed, accompanied with the fine
splittings due to phenyl protons (Fig. 3a). This indi-
cates ligation by cyanide. The spectrum could be sim-
ulated by a set of 4N and 12H and assuming Sharp and
Broad=1 :289 (Fig. 3b).

In the presence of thiocyanide, a spectrum with
eleven-line structure could be observed even at room
temperature. This could be simulated by a set of 4N
and 12H, and an additional nitrogen hfcc larger than
that of the porphyrin ring. This indicates that thio-
cyanate ligates the n-cation radical by nitrogen, not by
sulfur. At around —60°C the spectrum was also
resolved further and could also be simulated by using



August, 1988]

the same set of hfcc, as shown in Fig. 4b (Sharp:
Broad=1:45).

The spectrum in the presence of the acetate shows
much different temperature dependence. Even at room
temperature, the spectrum had a dual structure which
could be simulated by a set of 4N and 12H with the
sharp-to-broad ratio of 1:130 at —10°C. With lower-
ing the temperature, the spectrum was once broadened
but the sharp component appeared again with a more
complicated structure below —55°C. Due to the
broadening on both sides of the spectrum, the simula-
tion could not reproduce the observed spectrum well.
This results from the nitrogen m; dependence of the
linewidth of the sharp component.®?

(4) Base Ligation: Besides the anionic ligands,
the electrically neutral ligands such as 4-CNpy, 4-
CH;py, and P(C¢H;); were also examined using
TBAPF; as the electrolyte. The radical generated by
the electrooxidation in the presence of these bases was
unstable and the EPR spectra was not observed at
room temperature. When the pyridine derivatives
were used as the base, the nine-line structure described
above collapsed into broad single line with slight
undulation. Such broadening is probably due to the
hyperfine contribution from pyridine nitrogen.

A remarkable change was seen in the spectrum,
when P(CgH;); was added (Fig. 5a). The central broad
line was due to the unligated radical species. On both
sides of the central line, a pair of nine-line spectrum
was observed, which indicates clearly the ligation of
one phosphine with I=1/2 in P(CgHs)3. In n-C3;H,CN
the lines on both sides were very weak compared with
the central line. Such solvent dependence of the rela-
tive intensity supports the identification mentioned
above.

Extensive works about the axial ligand effects on the

(a)

o ~

\ i

Fig. 5. The EPR spectra of the Zn(II)(tpp) n-cation
radical in P(Cg¢Hs)s(TBAPFg)/CH2Cl: system, (a)
observed at —80°C, and (b) simulated.
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redox potential have been done using nitrogenous
bases!”20) and the reactions of the radical in the pres-
ence of these nucleophile have been investigated in
detail.® The EPR spectra of Zn(tpp)*t with axial pyr-
idine reported by Fujita et al.#5b) show that the com-
plex formation of the radical with pyridine results in
an 10% increase in an. This is in accord with the trend
in the anion ligation described above.

(5) The Effect of Axial ligands on the Electronic
States of the n-Cation Radical: In the previous work
on the Co(III)(tpp) m-cation radical, it was noted that
ligation by chloride or cyanide ion increases an from
0.18 mT to 0.28 mT.?” This increase was rationalized
on the bases of the result of a CNDO/2 calculation
which predicts an increase of an with the increase of
the axial ligand field. As shown in Table 2, an
becomes larger when a strong anion coordinates to the
n-cation radical. This trend qualitatively agrees with
that found for the cobalt complex. However, the
increase of an in the zinc complex is much smaller
than in the cobalt one, which may be primarily due to
the fewer charge of the metal cation and fewer
numbers of the axial ligand.

The effects of the axial ligands on the electronic
states of regular metalloporphyrins have been parame-
trized by means of the visible absorption spectra,
which include so-called o and 8 bands (see Table 1).6%
In neutral Zn(tpp), considerable red shifts of these
bands and the increase of the intensity ratio of & band
over B band (e./¢g) have been observed by introducing
a wide variety of axial ligands.*? It has been consi-
dered that &,/¢g represents the electronic polarizability
of the axial ligand: As more charge of the axial ligand
transfers to the porphyrin ring through the metal ion,
£a/€p becomes larger. We have examined the correla-
tion between anx and &./eg. The plot given in Fig. 6
clearly shows a correlation between these parameters
except for the case of P(C¢Hjs); with neutral charge: an
becomes larger with the increase of &,/¢eg. It is there-
fore concluded that the spin density on the nitrogen
nuclei increases as the polarizability of the axial ligand
increases.

The Effects of Peripheral Substituents on the

In(tpp) n-Cation Radicals. The EPR spectra of zinc-
.20 -
oCN
L PPh3
E.l 8 % o OAC”
-~ ~ -
Sigl _ , oFNs
P~ NOF c
14 ‘
0 0.5 1
Ex/ Ep

Fig. 6. Correlation between nitrogen hfcc (an) and
the intensity ratio (¢«/£8). €a/&s was obtained from
Ref. 42 or measured in CeHe.
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(1) tetraarylporphyrin n-cation radicals also depended
on the nature of peripheral substituents. Effects of
peripheral substituents were examined with fourteen
complexes by fixing the counter ion to nitrate and the
solvent to CH,Cl,. Some typical spectra are shown in
Fig. 7 to 9 and the results of the analysis are listed in

(d)

0.5mT

Fig. 7. The EPR spectra of the Zn(4-CH3)(tpp) =-
cation radical in TBANO3/CH:Cl: system, (a)
observed at —60°C and (b) observed at —80°C. (c)
and (d) are the simulated spectra corresponding to
(a) and (b), respectively.
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Table 3.

As shown in Fig. 7 and Table 3, hfs due to substitu-
ents are clearly observed in the 4-CHj, 4-F, 4-CF3, and
2-F complexes. This indicates that the spin density in
the porphyrin ring permeates the phenyl rings and
that the spin distribution can be influenced by the para
substitution. This also supports our analysis which
includes four para protons in simulating the spectra of
the Zn(tpp) n-cation radicals.

These hfcc of the para substituents can be compared
with those of the phenoxyl radical which has ay=1.02
mT for the para proton.®® By para substitution, ag=
1.25 mT for 4-CH3, ar=2.70 mT for 4-F, and ar=0.95
mT for 4-CF; have been obtained. The hfcc are ampli-
fied by factors of 1.23, 2.65, and 0.93, respectively. In
the zinc complexes, the factors obtained from Table 3
are 1.33, 1.94, and 0.79, respectively. Thus the mecha-
nism to produce the splittings due to the para substit-
uents in both systems are quite similar. This result
indicates that there is considerable conjugation
between the phenyl groups and the porphyrin ring,
possibly due to the wagging motion of the phenyl
group. We can also conclude that the hfs of the phenyl
protons are due to the spin polarization caused by the
delocalized unpaired n-electron.

The dual structure mentioned in the previous sec-
tion was also seen in several cases. The n-cation radi-
cals with ortho substituents did not have sharp com-
ponent. On the other hand, Zn(3,4,5-OCHj;)(tpp)
n-cation radical showed a very sharp spectrum even at
room temperature, as shown in Fig. 9 (Sharp : Broad=
2:1). The temperature at which the sharp component
had the maximum intensity varied depending on the
nature of substituent. These results are discussed in
the last section.

Table 3. The EPR Parameters of Zn(tpp) n-Cation Radicals with Peripheral Substituents?®

. o Hfcc g
Substituent 40 T/°C (mT) (40.0002)
1. 4-OCH; —1.08 10 4N:0.163 8H:0.040 2.0032
2. 4-C(CHj;), —0.80 —50 4N:0.161 8H:0.040 2.0031
3. 4-CH3 —0.68 —80 4N:0.158 8H:0.033 12H:0.044 2.0032
4. 4-H 0 —55  4N:0.158 12H:0.033 2.0032
5. 4-F 0.24 —16 4N :0.156 8H:0.029 4F:0.064 2.0033
6. 4-Cl 0.92 0 4N:0.158 8H:0.028 2.0037
7. 4-COOCH; 1.80 0 4N:0.152 8H:0.028 2.0031
8. 4-CF; 2.16 —30 4N:0.154 8H:0.028 12F:0.026 2.0030
9. 4-CN 2.64 —30 4N:0.147 8H:0.026 2.0032
10. 2-F —40 4N:0.136 8H:0.026 4F:0.106 2.0031
2-F° 25 4N:0.12
11. 2,4,6-OCH;3 0 4N:0.147 2.0028
12. 3,4,5-OCH;  —0.129 10 4N:0.159 8H:0.030 2.0031
13. 2,4,6-CH;, —20 4N:0.160 2.0028
14. 2,3,4,5,6-F¢) —20 2.0027

a) In TBANO;3;/CH,Cl, system. b) 8H:0.032 at —60°C. c) From Ref. 16. Counterion and
solvent are not described. d) 6,=0.262 and 6»=0.12 are assigned for OCHj; group. Therefore,

40=4(0y1t20m)=—0.12 can be assumed for Zn(3,4,5-OCH;)(tpp).

e) This shows a broad

spectrum without splittings. The an may be the smallest of all because this has the smallest

total linewidth.
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| |

(b) N

|

Fig. 8. The EPR spectra of Zn(2,4,6-OCHzs)(tpp) n-cation radical

in TBANOs/CH:Clz system,
simulated.

(a) ‘;i

0.5mT

Fig. 9. The EPR spectra of
radical in TBANO3/CH;:Cl;
and (b) simulated.

The physical properties such as redox potentials and
stability constants for complex formation measured in
connection with the peripheral substitution have been
shown to correlate with the sigma constant of the
Hammett equation,?

P=40p (1)

where P is an observed physical property, ¢ the
Hammett substituent constant, and p is a propor-
tionality constant. From the analysis of base addition
reactions®:26) and minute NMR measurements,2? it
has been shown that there is a significant contribution
from n-induction in the transmission of the phenyl
substituent effect to the whole porphyrin m-system,
despite the lack of coplanarity between the porphyrin
ring and phenyl groups.” Thus a substantial effect
may be detectable on an which is determined by the

(a) observed at 0°C, and (b)

(b)

Zn(3,4,5-OCHz)(tpp) m-cation
system (a) observed at 10°C,

spin densities on the nitrogens of the n-cation radicals.
The values of 40 are listed in Table 3 together with the
EPR parameters. The hfcc of an and an vs. 40 are
plotted in Fig. 10. We find considerable substituent
effects on the EPR parameters and a clear Hammett
linear relation between ax and 4o. It is seen that both
a~ and ay increase with the electron donating power of
the para substituent. In the previous CNDO/2 calcu-
lations for the Co(IIl)(tpp)X; n-cation radical,3” it was
shown that the spin densities on the meso carbons
increase together with those on nitrogen as the bond
length between cobalt and axial ligands are shortened.
This is consistent with the observed increase of an and
au, because the spin density in the phenyl groups is
brought by the conjugation through the meso carbons.

From the above discussion, 2,4,6-OCHj3; and 2,4,6-
CHj; are expected to have larger an than 4-CHj, But



2760
A7F
\Lz
16F o—_12 6
o] (o) o 8
3 AN o
(]

A5} 7 T~
= [e]
£ 9

A4
o 4 1
= 12 [

04 A A

3 4
“ S5 6 7 8
03rF 1% A A A a9
A
.02 1 1 | 1
-2 -1 0 1 2 3

Lo

Fig. 10. Plots of ax (O) and au (A) vs. Hammett con-
stant (0). Numbers in the figure refer to the n-cation
radicals in Table 3.

2,4,6-OCHj; and 2-F have smaller anx values and 2,4,6-
CHj3; has a comparable value compared with that of
unsubstituted tpp. In these complexes the phenyl
groups stand almost vertically to the porphyrin ring in
so as disrupting n-conjugation. Therefore, deviations
from the linear correlation between an and 4¢ are
expected in these complexes. This steric effect can also
be seen in the decrease of the g-values from ca. 2.0031
to 2.0028.

Dual Structure of the Spectra. The EPR spectra of
the m-cation radicals exhibit the dual structures in
most cases as described above. The coexistence of the
two paramagnetic species observed as the dual struc-
ture is interpreted by the equilibria between (1) the
ligated and unligated radicals, (2) the radicals with
different interactions with solvent, and (3) the radicals
with different motional states of the phenyl groups.
The most probable reason for the coexistence of two
paramagnetic species is due to the change in the
motional states of the phenyl groups. The ratio of the
sharp and broad components is much dependent on
the substituents on the phenyl groups. The n-cation
radicals with ortho substituents do not have any sharp
component. On the other hand, most of the other
radicals exhibit substantially sharp component. Espe-
cially Zn(3,4,5-OCHj;)(tpp) m-cation radical shows the
sharp component with high intensity ratioof 2: 1 even
at room temperature. Thus, it is likely that the broad
component is related to the species with hindered rota-
tions of the phenyl groups. When the rotation of the
phenyl group is slow in the EPR time scale, broaden-
ing of each hyperfine line is expected because of the
incomplete averaging of the unequivalent isotropic
hfs as well as the anisotropic parts of hfs. The hin-
dered rotations of the phenyl groups of the metallo-
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porphyrins have been investigated by NMR52:68 and
the rates of the rotations and the activation energies
have been determined for rutheniumcarbonyl, titanyl,
indium, and gallium complexes.3*3% These rates were
indeed found to be slow in the EPR time scale. Thus-it
is reasonable to consider that the broad component is
due to the species with hindered rotational state of the
phenyl groups.

On the other hand, the sharp component in the dual
structure is highly related to the free rotation of the
phenyl groups. Fajer et al. have investigated the =-
cation radical of Zn(II) meso-tetramethylporphyrin
which has no sterically hindered phenyl groups, and
observed only the sharp component in the spectrum.
It may be unlikely that the phenyl groups rotate freely.
If four phenyl groups rotate cooperatively, however,
apparent free rotation visualized as the sharp compo-
nent becomes quite possible.

Concluding Remarks

We have investigated the effects of axial ligand and
peripheral substituent on the EPR spectrum of the n-
cation radical of Zn(tpp). It is shown that both the
axial ligand and the peripheral substituent have large
effects on the spin densities on the nitrogen atoms.
The axial ligand is known to have a large effects on the
behavior of the central metal ion,3 but the present
work shows that the m-system of the zinc complex is
also affected by the axial ligand considerably as in the
case of the cobalt complex.3” The nitrogen hfs, ax, is
found to be sensitive to the peripheral substituent, dif-
ferent from the EPR?3:25 and Md&ssbauer3!:32) parame-
ters of the central metal ions. A good correlation
between ax and the Hammett ¢ constant as well as the
presence of the spin densities on the para positions
indicates effective conjugation of the n-system between
the porphyrin ring and the phenyl group. Itis known
that the energy level of the m-system is shifted by the
peripheral substituents, but the present result directly
shows the effect of the peripheral substitution on the
n-system. Itissuggested that the presence of the sharp
and broad components of the EPR spectra are ascribed
to the difference in the motional states of the phenyl
groups.
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